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Introduction
Hepatitis C virus (HCV) infection is more prevalent in ESRD and renal transplant populations compared with the general US population; 4-10% of dialysis patients are HCV-positive (HCV þ) [1, 2] . Direct-acting antivirals (DAAs) were introduced for the treatment of HCV infection in 2013, but despite this advance in HCV therapy, the majority of patients remain untreated [3] .
Using national transplant registry data [4] , we have previously demonstrated that HCV infection is associated with poor outcomes after renal transplantation, with a hazard ratio (HR) for death of 1.44 [95% confidence interval (CI) 1.33-1.56; P < 0.001] and for allograft loss of 1.43 (95% CI 1.31-1.56; P < 0.001). In our study, 28% of HCVþ recipients were transplanted with an HCVþ donor (HCVþD) kidney, but the specific contribution of donor HCV serostatus to patient outcomes was not examined.
Despite these considerations, transplantation of HCVþ organs will likely increase in response to the growing waitlist demand and the existence of effective HCV therapies. Use of HCVþD kidneys for HCVþ recipients has been associated with decreased waiting times for transplantation [5] . Patients accepting HCVþ kidneys waited on average 395 days fewer than those at the same center who declined such offers and increased organ utilization; from 2005 to 2014, 3273 HCVþDs contributed 2402 kidneys to the donor pool [6] . While DAAs are effective in clearing HCV viremia after kidney transplant [7] [8] [9] , it is too early to assess the impact of viral clearance on posttransplant outcomes.
Single-center reports [10, 11] and registry analyses [12] [13] [14] have examined the effect of donor HCV serostatus on outcomes, with conflicting results. Older analyses [12] [13] [14] employing data from the Organ Procurement and Transplantation Network (OPTN) database and the United States Renal Data System (USRDS) have demonstrated worse patient and allograft outcomes ($1.4-fold) associated with the use of HCVþD kidneys. However, a more contemporary series from Spain [10] that included 162 recipients of HCVþ kidneys failed to detect any differences in patient survival (PS) but noted diminished 5-and 10-year allograft survival in recipients from HCVþD kidneys. A series from the University of Maryland [11] compared outcomes for 195 HCVþ recipients of HCVþD kidneys to 66 HCVþ recipients of HCVÀD kidneys; neither PS nor all-cause graft loss were significantly different on the basis of donor HCV serostatus. Thus the available data regarding outcomes for recipients of HCVþ organs are limited, either by the era in which the studies were conducted or by performance at a single transplant center.
Using national transplant registry data, we created a matched cohort of HCVþ recipients who received HCVþD kidneys compared with those transplanted with HCVÀD kidneys in order to assess the impact of donor HCV serostatus on patient and allograft survival in the modern era.
Materials and methods

Study design
We performed a retrospective cohort analysis using registry data collected by the United Network for Organ Sharing (UNOS); this study is based on OPTN data as of 4 
Subjects
In our primary analysis, we studied patients transplanted between 1 January 2001 and 31 December 2015; this time point was selected to reflect advances in HCV therapy (US Food and Drug Administration approval of pegylated interferon with ribavirin to treat HCV) and modern immunosuppression practices [predominance of tacrolimus as the calcineurin inhibitor (CNI) at discharge from the index hospitalization]. In a secondary analysis, we included all patients who were transplanted between 19 February 1995 (the first HCVþD in the dataset after our exclusion criteria were applied) and 31 December 2015. Patient follow-up was through 4 March 2016. The cohort was restricted to adult transplant recipients (!18 years of age) reported to have a positive HCV serostatus and receiving their first renal transplant ( Figure 1) ; recipients of multiorgan transplants and HIV/HCV coinfected recipients were excluded.
Exposures and outcome measures
The primary exposure was transplantation with an HCVþD kidney. The primary outcome was all-cause mortality. Secondary outcomes examined included all-cause allograft failure and treated rejection within the first year. For mortality, patients were censored at the time of death or the end of follow-up. For the composite outcome of all-cause allograft failure, patients were censored at the time of allograft failure, death or at the end of follow-up, whichever was first. Sensitivity analyses were also performed in which we assessed for allograft failure as a competing risk for death and death as a competing risk for allograft failure; in these analyses, allograft loss does not preclude death but may modify the risk of mortality.
Covariates
Covariates were selected a priori that were known risk factors for mortality or allograft loss based on clinical judgment and published literature [15] [16] [17] [18] (see Tables 1 and 2 ). As HCV serostatus is part of the kidney donor profile index (KDPI), all components of the KDPI [15] were incorporated into models as individual covariates rather than using KDPI as a composite measure. We restricted our analysis to recipients of deceased donor organs. Recipient-associated covariates included age, gender, race/ethnicity, diabetes mellitus, etiology of ESRD, pretransplant time on dialysis, days on the waitlist, percent panel reactive antibody (PRA) and median household income. Median household income was estimated using recipient zip codes and 2010 US census data adjusted for 2014 dollars. Transplant-associated covariates included degree of human leukocyte antigen (HLA) matching, cytomegalovirus (CMV) antibody status and induction and maintenance immunosuppression regimen at discharge from the index hospitalization. All covariates included in the final models were <5% incomplete.
Statistical analysis
Statistical analyses were performed using STATA version 14.0 (StataCorp, College Station, TX, USA) with two-sided hypothesis testing and P < 0.05 as the criteria for statistical significance. Descriptive statistics (means, medians and proportions) were used to describe baseline donor and recipient clinical and demographic characteristics comparing patients exposed to a HCVþD versus HCVÀD kidney. Continuous variables were compared using Student's t-test, or rank sum test for nonnormally distributed variables. Categorical variables were compared using chi-square test.
We used propensity score matching in order to balance important baseline characteristics between the exposure groups. We generated the propensity scores using logistic regression with key covariates that were determined a priori (Tables 1 and 2 ). We applied a nearest neighbor matching algorithm using a caliper of 0.01 with common support and no replacement to create 1:1 matches [20, 21] . Sensitivity analyses were performed including all patients from 19 February 1995 onwards, stratifying by patient age, adjusting for region and liver center status, as well as by adjusting the overall cohort by propensity score instead of matching. We assessed for balance and bias using t-testing for equality of the means in the two groups, standardized difference between the two groups, the variance ratio between the two groups (for continuous covariates) [19] , visual examination of histograms of propensity scores between the two exposure groups (Supplementary Figure S1) and evaluation of Rubin's B and R [22] . After performing the propensity score matching, Cox proportional hazards regression was used to estimate HRs and 95% CIs for mortality and allcause allograft failure. Robust sandwich estimation of the variance of the regression coefficient was used to account for clustering within the matched groups [23, 24] . The proportional hazards assumption was assessed via weighted versions of Kaplan-Meier curves using log-log plots [25] . Competing risk analysis was performed using subdistribution hazards modeling [26] . Logistic regression was used to estimate the odds of acute rejection at 1 year.
Results
After applying our exclusion criteria, we identified 4531 HCVþ recipients transplanted from 1 January 2001 through 31 December 2015; of these, 1814 received a HCVþD kidney and 2717 received a HCVÀD kidney ( Figure 1 ). The median follow-up time was 3.1 years.
Recipients of an HCVþD kidney were older (median age 57 years; P < 0.001), more often male (83.5% versus 69.6%; P < 0.001) and Caucasian (68.2% versus 50.7%; P < 0.001; Table 3 ). They had a shorter median dialysis duration (2.7 years versus 4.7 years; P < 0.001) and spent fewer days on the waiting list (median days 231 versus 771; P < 0.001). Diabetes mellitus was more common in recipients of HCVþD kidneys (51.2% versus 39.7%; P < 0.001). Lymphodepleting induction was frequently used in both groups, but less often in HCVþD recipients (63% versus 68.1%; P < 0.001), and tacrolimus was the predominant CNI utilized during the study period regardless of donor HCV serostatus.
Propensity score matching
We assembled a propensity score-matched cohort using 1:1 matching. There were no statistically significant differences noted (Tables 1 and 2) . 
Patient and allograft survival
In our primary cohort, the use of an HCVþD kidney was associated with an increased risk of death compared with receipt of an HCVÀD kidney [HR 1.43 (95% CI 1.18-1.76); P < 0.001; Table 4 and Figures 2 and 3 ]. The risk of allograft loss was also increased in recipients of HCVþD kidneys [HR 1.39 (95% CI 1.16-1.67); P < 0.001]. This difference in graft survival (GS) could not be attributed to an increased risk of acute rejection in recipients of HCVþD kidneys [OR 1.16 (95% CI 0.84-1.61); P ¼ 0.35], but may be due to patient mortality; when death was treated as a competing risk for allograft failure, GS was not statistically different [GS subhazard ratio (SHR) 1.10 (95% CI 0.86-1.40); P ¼ 0.44]. When graft loss was treated as a competing risk for death, outcomes were unchanged compared with the primary models [SHR 1.46 (95% CI 1.19-1.80)]. This negative effect on patient and allograft survival persisted in sensitivity analyses in which we adjusted for the propensity score in the overall cohort as an alternative approach (Table 4) .
We also examined the effect of region, presumed centerlevel expertise in transplantation of patients with HCV (using performance of liver transplants as a surrogate) and recipient age category. Models including region yielded similar outcomes for PS [ Figure  S2) . We again failed to observe an increased risk of acute rejection [OR 1.19 (95% CI 0.86-1.64); P ¼ 0.29].
An etiology of death was only available for 54% of patients; the most commonly reported causes of death were cardiovascular disease (HCVþD 23% versus HCVÀD 25%) and infection (HCVþD 16% versus HCVÀD 23%; P ¼ 0.39). Cause of allograft loss was only reported in 51% of patients. The most common causes of graft loss did not differ on the basis of donor HCV serostatus (chronic rejection, HCVþD 34% versus HCVÀD 32%; acute rejection, HCVþD 19% versus HCVÀD 14%; P ¼ 0.61), nor was there a significant difference in recurrent glomerular disease (HCVþD 5.4% versus HCVÀD 6.1%). 
Discussion
In this study we present the results of our retrospective, propensity score-matched cohort analysis comparing outcomes for contemporary recipients of HCVþD kidneys to recipients of HCVÀD kidneys. Use of an HCVþD kidney was associated with an increased risk of mortality and allograft loss, despite matching on the basis of important clinical predictors. Our findings were reproducible in an older cohort of patients and supported by our sensitivity analyses accounting for propensity score, region or transplant center effects in the model. Our results are consistent with older registry analyses employing UNOS or USRDS data [12] [13] [14] The difference between single-center series results and ours is not surprising. While single-center studies are important and provide granular clinical data, the numbers of patients in the two largest single-center series [10, 11] are significantly smaller than those captured in our registry analysis, and generalizability to the greater US transplant population is limited.
Also consistent with prior studies [10, 12, 14] was a lack of association between HCVþD kidneys and acute rejection. While recipient HCV serostatus is a risk factor for acute rejection [27, 28] , with contributions from candidate PRA, dialysis vintage and cautious use of immunosuppression due to concerns for progression of underlying liver disease, donor HCV serostatus is not known to be, and it should not impact these factors; therefore the lack of association is unsurprising. The association of HCVþD kidneys with inferior clinical outcomes is not unexpected. HCV causes glomerular disease in native kidneys and is a risk factor for diabetes [29] . HCV infection has been implicated in the development of de novo glomerulonephritis, including renal transplant glomerulopathy [30, 31] . The association between HCV and glomerular disease may overwhelm any protective effect offered by conservative donor selection; in general these kidneys are from donors less likely to be labeled as expanded criteria or have a terminal creatinine >1.5 mg/dL [5] . As HCV donor genotype is not available pretransplant, there exists the possibility of superinfection with a second HCV genotype [32] and more rapid progression to cirrhosis. Outcomes may also be affected by recipient selection-these organs are offered at a higher rate to diabetic patients and those in longer wait areas who are at greater risk of dying while on dialysis [5] .
While we cannot directly assess how many recipients in our cohort were treated for HCV, it was likely only a small proportion given the novelty of these agents and complexity of the insurance-approval process [33] . Despite the inferior patient and allograft outcomes demonstrated with the use of HCVþD kidneys, there is a subset of patients, if not all patients, who might benefit from expedited transplantation with an HCVþD kidney followed by immediate posttransplant eradication of HCV using DAAs.
Our study has several strengths. It is the largest registry study to date to address the effect of donor HCV serostatus on outcomes. It was limited to HCVþ donors and recipients, unlike prior studies, in order to reflect current practice and provide a more accurate assessment of the magnitude of risk associated with use of HCVþD kidneys. With registry data, center-level variation is less prominent, allowing us to examine larger trends in patient and allograft outcomes. Outcomes were similar in patients transplanted in the modern era, reflecting contemporary transplant practice with regards to donor/recipient selection and immunosuppression management, as well as in a larger, older cohort, demonstrating the stability of our findings over time. However, as transplant practice has evolved over time, results from the cohort dating back to 1995 may not be generalizable to current patients and practice. As the use of DAAs after transplantation becomes more widespread, clearly understanding historic outcomes for HCVþ recipients of HCVþD kidneys is important, as this is the benchmark against which any improvement in patient or allograft survival associated with these expensive therapies will be judged. Furthermore, this study informs recipients about the potential hazards associated with acceptance of HCVþ offers, which may (or may not) be mitigated by posttransplant treatment for HCV infection, especially since DAA therapy is often delayed [8] .
Our statistical methodology is another strength of our study; unlike traditional regression models, the use of propensity score matching facilitates vigorous estimation of the effect of donor HCV status on posttransplant outcomes by directly addressing the issues of selection bias and confounding by indication. Our propensity score matching was robust, with well-balanced groups that did not differ significantly from each other. Additionally, multiple sensitivity analyses confirmed our original results.
Our study has several weaknesses. We are limited by the completeness and detail of the data collected by UNOS, which is true of any study utilizing registry data. UNOS only collects HCV serological data; viral loads for both donors and recipients were not available and we could not distinguish between donors or recipients with active viremia and those who spontaneously cleared the virus or received HCV treatment with a sustained virologic response. However, given the low HCV treatment rates among dialysis patients [3] , it is reasonable to assume that most HCV seropositive recipients have active HCV viremia. HCV genotype information was also not available, making it impossible to identify those with HCV superinfection. Additionally, UNOS data do not contain information regarding liver histology or permit assessment of liver disease progression. As UNOS does not capture information regarding treatment of HCV after transplantation, we cannot comment on the effect, if any, of HCV therapy with DAAs on outcomes for recipients of HCVþD kidneys. Furthermore, the UNOS dataset lacks complete and granular data regarding the etiologies of death and allograft loss, limiting the identification of mitigating factors. Although propensity score matching has a number of important benefits, it may reduce generalizability by restricting an analysis to only matched patients and cannot mitigate against unmeasured confounding. In our retrospective propensity score-matched analysis, receipt of an HCVþD kidney was associated with an $40% increased risk of death and allograft loss in HCVþ recipients. However, this approach, coupled with prompt initiation of anti-HCV therapy, can shorten the wait for renal transplantation and maximize organ utility for all candidates on the waiting list. Recipients should be counseled about the increased risks associated with these organ offers, but not necessarily decline them.
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